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Miniaturized-Element Frequency-Selective Rasorber 
Design Using Characteristic Modes Analysis 
Qingxin Guo, Senior Member, IEEE, Jianxun Su, Member, IEEE, Zengrui Li, Member, IEEE, 
Jiming Song, Fellow, IEEE, and Yalin Guan 
Abstract—A dual-polarization frequency-selective rasorber with 
two absorptive bands at both sides of a passband is presented. 
Based on the characteristic mode analysis, a circuit analog 
absorber is designed using a lossy FSS that consists of 
miniaturized meander lines and lumped resistors. The positions 
and values of resistors are determined according to the analysis of 
modal significances and modal current. After that, the presented 
rasorber is designed by cascading of the lossy FSS and a lossless 
bandpass FSS. Equivalent circuits of the frequency-selective 
rasorber are modelled, and surface current distributions of both 
FSSs are illustrated to explain the operation mechanism. 
Measurement results show that, under the normal incidence, a 
minimum insertion loss of 0.27 dB is achieved at a passband 
around 6 GHz, and the absorption bands with an absorption rate 
higher than 80% are 2.5 to 4.6 GHz in the lower band and 7.7 to 
12 GHz in the higher band, respectively. Our results exhibit good 
agreements between measurements and simulations. 
Index Terms— characteristic mode analysis, frequency-
selective rasorber, frequency-selective surface, radar absorber. 
I. INTRODUCTION 
REQUENCY-SELECTIVE RASORBER (FSR) has 
attracted growing attentions in recent years, since it has 
unique characteristics of being transparent to incident 
electromagnetic waves in the passband and absorptive outside 
of the passband. The complete conceptual rasorber design of 
multilayer structures was presented in 2009 [1], and it was 
called as absorptive/transmissive radomes in a patent which 
was proposed back to 1995 [2]. It is also called as 
absorptive/transmissive frequency-selective surface (ATFSS) 
in some literatures because it has both passband and 
absorption bands [3], [5]. The FSR is an ideal stealth radome 
structure for reducing the mono-static radar cross section and 
bi-static RCS. It also can be used to decrease the mutual 
interference among different communication systems. 
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Several FSRs have been reported in literatures by using two 
cascaded layers of FSS, one lossy FSS layer and one lossless 
FSS layer [3]-[12]. The lossy FSS provides absorption 
characteristics at frequencies below or above the passband. 
Different structures of cells have been used for lossy FSS 
design. These structures include dipole-based elements loaded 
with lumped resistors [3], [4], tripole elements [5], square-
loop and hybrid resonators [6], [7], four-legged loaded 
elements [8], [9], hexagonal rings [10], circular rings [11], 
and hybrid structures [12]. The lossless FSS in literatures is 
often achieved by the filtering characteristics of conventional 
FSS with slot elements [3]-[9], and just a few of articles 
realized with strip elements [6], [8]. These designs achieved 
good features after meticulously design. Nevertheless, 
whichever element is used, the cell size of most designs is 
close to one half of the wavelength at the center of passband, 
and the inter-element spacing is large leading to early onset of 
the grating lobes or singular resonance under the oblique 
incidence. Three-dimensional (3-D) frequency-selective 
rasorber is proposed in [13]. Compared to a multilayer 
structure, the structure of the 3-D FSR is more complicated, 
although high selectivity and angular stable performance can 
be achieved. Recently, a dual-polarized band-absorptive FSR 
is presented by using meander lines and lumped resistors [14]. 
But the FSR is designed to obtain a low-pass transmission 
window with low insertion loss and a high-frequency 
absorption band.  
Equivalent circuit method is often utilized for designing 
and analyzing an FSS [3]-[12]. Some of literatures presented 
the method of mapping the lumped-elements of the equivalent 
circuit into the geometrical dimensions of the FSS [15][16]. In 
this paper we will develop approaches to apply characteristic 
modes to design an absorber and an FSR with a transparent 
window between two absorption bands.  
The characteristic mode (CM) theory was firstly proposed 
by Garbacz in 1965 [17] and further reformulated by 
Harrington and Mautz in 1971 [18]. The characteristic mode 
analysis has attracted considerable attention in design and 
optimization of antennas [19]-[20], because it provides not 
only a clear physical insight into radiation behavior but also 
information of significant radiation modes that can be excited. 
It also has been applied for design and analysis of multiport 
networks such as antenna arrays [21], the metasurface 
resonator antennas [22], platform mounted antennas [23] and
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also aircraft-integrated multiband multiantenna systems [24]. 
However, to our best knowledge, few publications were 
presented on the frequency-selective surface design using the 
CM theory.  
The remainder of this paper is arranged as follows. In 
section II, the characteristic mode theory and the impedance 
conditions of a two-layer FSR are briefly discussed. Section 
III proposes a lossy FSS with a miniaturized element realized 
with meander lines and lumped resistors. Based on the 
characteristic mode analysis, the lossy FSS is used to design a 
wideband circuit analog absorber. Section IV describes the 
FSR designed with the lossy FSS and a lossless FSS with 
cross-loop slot. Section V gives the experimental results, and 
the performance comparisons between the proposed FSR and 
others in literatures. At last, a conclusion is drawn in Section 
VI. 
II.  DESCRIPTION OF THE CONCEPT 
A.  Theory of characteristic modes  
Characteristic modes are a complete set of orthogonal 
modes for expanding any induced currents and far fields due 
to a specific external source. According to the theory of 
characteristic modes [16], [25], the contribution of a mode 
current (Jn) to the total currents is characterized by the modal 
weighting coefficients (αn) 
( )
i ,  
1
n
n
n
r
j
α
λ
=
+
E J
                                                             (1) 
where λn is the eigenvalue of Jn, Ei is the impressed E-field, 
and the inner product ( )i ,  nE r J  is called the modal 
excitation coefficient which states that the external excitation 
is coupled to each characteristic mode.  
The modal significance (MS) is defined as [26] 
1MS
1 njλ
=
+
                                                                  (2) 
The MS states the coupling capability of each characteristic 
mode with external sources, and it is the intrinsic property of 
each mode and is independent of any specific external source. 
It also provides a convenient way to estimate the bandwidth 
of each mode. The half-power bandwidth of each mode: 
( )H L RBW f f f= − , can be defined according to the modal 
significance, where fR, fH and fL are the resonant frequency, 
upper and lower frequencies at the half power, respectively, 
and they are determined from the modal significance: MS(fR) 
= 1, MS(fH) = MS(fL) = 0.707.  
For a frequency-selective surface, the impressed plane 
wave Ei induces surface currents J on the PEC structure of 
unit cells. The current will then generate a scattering field ES. 
If the PEC structure is loaded with lossy material, the incident 
power will be consumed and an absorber will be achieved. 
B.  Impedance conditions of an FSR 
A typical double-layer FSR can be modelled with a two-
port network which is shown in Fig. 1(a) [3], [5]. It consists 
of a lossy equivalent impedance denoted as ZA = RA + jXA and 
a lossless equivalent impedance denoted as ZF = jXF. Z0 and Z1 
are the characteristic impedances of the free space and 
dielectric spacer, respectively. The response of the FSR can 
be illustrated in Fig. 1(b). There are two absorption bands 
around f1 and f3 located on both sides of a transmission band 
with low insertion loss in the middle (around f2). Some FSRs 
have only one absorption band, either lower [27] or higher [28] 
than the passband. Ideally, the S parameter of FSR should 
meet the conditions, |S11| = 0 and |S21| = 1 at f2, while |S11| = 0 
and |S21| = 0 at around f1 and f3. In other word, for an ideal 
rasorber, |S11| is necessary to equal zero in whole band, but 
|S21| = 1 in the passband and equals to zero in the out-of-band. 
However, realistic goals for designing an FSR include 
realizing the absorptivity no less than 80% at the absorptive 
band and the insertion loss lower than 3 dB at the passband. 
The absorptivity (AF) of an FSR without the polarization 
rotation is often defined as: 
2 2
11 21AF 1 S S−= −                                                   (3) 
According to this requirement, we discuss the impedance 
conditions of ZA and ZF, respectively. 
(1) At the passband: both lossy and lossless FSSs should be 
in parallel resonance at f2, namely ZA → ∞ and ZF → ∞, 
simultaneously, then the signal coming from P1 cannot pass 
through ZA and ZF but directly transmits from P1 to P2, which 
implies that a passband can be obtained at f2. 
(2) At the absorptive band: The lossless FSS should 
perform as a ground plane and reflects all incident power, in 
other word, ZF approaches zero at frequencies far away from 
its passband. 
In order to simplify the analysis of the impedance condition 
of the lossy FSS, ZA, we suppose that ZF = 0 at the absorption 
band and ZF → ∞ at the passband, and Z1 = Z0 = 120π Ω. The 
expressions for the input impedance Zin and the reflection 
coefficient (S11) of Fig. 1(a) are given by (4) and (5), 
respectively. 
 
 
(c) 
Fig. 1. Equivalent circuit and response of an FSR. (a) Equivalent circuit. (b) 
Response. (c) Impedance range of ZA at the absorptive band with AF > 80%. 
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The ideal impedance of ZA for well matching can be 
obtained from (5) in case of |S11| = 0, and the basic 
requirement of ZA is deduced with |S11|2 < 1 ‒ AF, where AF > 
80%. Fig. 1(c) shows the ideal impedance and the ranges for 
basic requirement of ZA. Re(ZA) and Im(ZA) in the figure 
denote the real and imaginary parts of ZA, respectively. The 
range of Re(ZA) was calculated under the condition that Im(ZA) 
equals to the ideal value, and for calculating the range of 
Im(ZA), we supposed that Re(ZA) equals to the ideal value. 
III.  DESIGN OF AN ABSORBER 
In order to design the presented FSR, we firstly designed a 
wideband circuit analog absorber (CAA) by placing a ground 
plane under an absorptive FSS with a distance close to λ/4 at 
the center of absorption band. In the last decades, a great 
number of CAAs with good performance have been reported 
in literatures. They are realized either by printed resistive 
patterns [29]-[31] or by conductive strips with lumped 
resistors loading [32]-[34]. However, only part of absorptive 
FSSs used in literatures can be applied for FSR design. The 
absorptive FSS for most of FSR is designed with conductive 
strips with lumped resistors loading [3]-[12]. 
The presented CAA is shown in Fig. 2, both the absorptive 
FSS and ground plane are supported with substrates of 0.5 
mm thick (h1), and the spacer for separating the FSS and the 
ground plane is an air gap with a thickness h2 = 9 mm. The 
electrical length between the top FSS and the ground plane is 
approximately equal to 2 1 r2h h ε+ , where εr = 2.2. 
The meander line is chosen for the unit cell because it has 
miniaturized structures. The meander line is designed as a 
rotationally-symmetric structure for dual-polarization 
applications, as shown in Fig. 2(a). The equivalent circuit 
model (ECM) of the CAA is shown in Fig. 2(b). Only one 
quadrant of the unit cell, within the green and dotted lines, is 
illustrated in detail. In the ECM, CU1 represents the coupling 
capacitor between meander lines of adjacent unit cells along 
the direction of the electric field. Except CU1, there are three 
parallel resonance circuits LA1CA1, LA3CA3RA1 and LA2CA2RA2, 
respectively. The elements LA1 and CA1 are the equivalent 
inductances and parasitic capacitances of the arm that is 
parallel to the electric field of the incident wave, while LA2 
and CA2 are the equivalent inductances and parasitic 
capacitances of the arm that is perpendicular to the electric 
field. The inductor LA3 denotes the distribution inductor of the 
strips close to RA1, and CA3 represents the coupling capacitor 
between two orthogonal meander lines. The resistors RA1 and 
RA2 in the ECM represent the lumped resistors R1 and R2 
which are inserted in the meander line. The parameters of the 
transmission line section, ZH and θH, represent the equivalent 
impedance and electrical length of the hybrid path, which is 
comprised of two substrates and one air spacer. 
The dimensions for the meander line are l1 = 12.5 mm, l2 = 
3.8 mm, l3 = 3 mm, w1 = 0.3 mm, s1 = 0.8 mm, s2 = 0.3 mm, 
h1 = 0.5 mm, h2 = 9 mm. To absorb the incident power, some 
lumped resistors need to be inserted into the structure. The 
positions and the values of the resistors are chosen using 
characteristic mode analysis. In this paper, the modal 
significances and characteristic currents are obtained using 
CST studio suite 2018. 
Fig. 3(a) shows the modal significance of the meander line 
without resistors. Within 2–12 GHz, there are five resonant 
frequencies at 3.355, 5.645, 7.085, 9.715 and 10.635 GHz, 
respectively. Fig. 3(b) shows the modal fields of the first three 
modes, which illustrate that the first and third modes are 
effective modes for the normal incidence, because the main 
lobe of M1 is normal to the unit cell, and for M3, the field 
along z direction is high, although its main lobe is parallel to 
the surface of the unit cell. Mode M2 is not an effective mode 
because its field is null just at the direction normal to the unit 
cell. 
The bandwidths of MS > 0.707 are very narrow which 
imply that the meander line only resonates in the narrow 
bands. In order to expand the bandwidth, lossy components 
such as resistors must be added. The positions for the resistors 
can be obtained by analyzing the characteristic current at the 
resonant frequencies, which are shown in Fig. 3(c). We firstly 
focus on the lowest resonant frequency at 3.355 GHz, of 
which the highest current flows along the strips close to the 
edges of the cell. So, we split the edges and insert four 
resistors (R2) in the meander line, as shown in Fig. 2. 
 
 
(a) 
 
(b) 
Fig. 2. Configuration and equivalent circuit of the circuit analog absorber.  
(a) Configuration. (b) Equivalent circuit. 
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Then, we use the characteristic mode analysis again to 
analyze the meander line with resistors R2, since the boundary 
condition has been changed. The resistance of R2 = 100 Ω is 
used firstly, and the modal significance is shown in Fig. 4(a). 
It is evident that four modes exist at 4.405, 6.225, 7.375 and 
8.775 GHz in this case, and the first resonant frequency is 
increased from 3.355 to 4.405 GHz. The bandwidths of three 
modes have been expanded but the third one is still very 
narrow. Increasing R2 can further expand the bandwidths of 
all modes except M3. If R2 = 180 Ω, a band (from fL to fH) of 
MS > 0.707 is obtained. Within the band, from fL to fM1 and 
fM2 to fH, the dominating effective modes are M1 and M4, 
respectively, while in the band from fM1 to fM2, the effective 
modes for the normal incidence is not M2 because its null 
field appears on z axis. 
We now investigate the absorber shown in Fig. 2 and let R2 
= 180 Ω. Fig. 5(a) shows the simulated |S11| of the normal and 
oblique incidences. Under the normal incidence, the band of 
|S11| covers from 3 to 9.4 GHz, of which the lower frequency 
is almost the same as fL in Fig. 4(a), but the higher frequency 
is lower than fH. The reason is that the peak field of M4 does 
not locate at the direction normal to the unit cell. Under the 
oblique incidence of 30°, a band with very strong reflection 
coefficient arises around 8.5 GHz for TM polarization. It can 
be explained with characteristic currents shown in Fig. 5(b). 
Only the currents of effective modes are plotted on the left of 
Fig. 5(b). For the first mode, the current of M1 flows through 
two resistors. However, the current of M4 has three paths, 
among which M4-2 flows through R2. Under the normal 
incidence, the tangential part of electric field Et on the surface 
of unit cell is in phase, as shown on the upper right of Fig. 
5(b). The modes M4-1 and M4-3 are excited and a dipole-like 
current J is induced, while the resistor R2 becomes the load of 
dipole, hence the incident power is absorbed. For the TE wave 
under the oblique incidence, the Et along E direction is in 
phase, too. The induced current is similar to the normal 
incidence. As shown on the bottom right of Fig. 5(b), E1t and 
E3t are out of phase for the TM wave. Two opposite currents J 
are induced and R2 does not absorb the incident power. 
Consequently, the radiations of the induced currents will 
greatly increase the reflection. 
 
(a) 
 
(b) 
 
(c) 
Fig. 3. Characteristic mode analysis for the meander line. (a) Modal 
significances. (b) Modal fields of the first three modes. (c) Characteristic 
current at the lowest resonant frequency. 
 
 
(a) 
 
(b) 
Fig. 4. Characteristic mode analysis for the meander line with resistors. (a) 
Modal significances of different R2. (b) Modal fields (R2 = 180 Ω). 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 5. Simulation results. (a) |S11| of R2 = 180 Ω. (b) Characteristic currents. 
(c) Modal significances for R1 = 30 Ω and without R1. 
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In order to suppress the currents of the modes M4-1 and M4-3, 
we insert four other resistors (R1) at the corners near the 
center of the unit cell. After R1 is inserted, the current of M1 
flows through both R1 and R2, as shown in the center of Fig. 
5(b). The current paths of M4 almost remain unchanged, but 
now M4-1 and M4-3 flow through R1 and M4-2 flows through R2. 
Fig. 5(c) shows the modal significances for the configurations 
with R1 = 30 Ω and without R1. The results indicate that 
insertion of R1 expands the bandwidth of all modes and 
increases the frequency fH from 9.6 to 10 GHz. The resonance 
frequencies of modes from M1 to M4 are 4.485, 6.455, 7.645 
and 9.015 GHz, respectively. 
Fig. 6(a) illustrates the S parameter of the absorber with R1 
= 30 Ω and R2 = 180 Ω. The band of |S11| < −10 dB covers 
from 3.1 to 10 GHz under the normal incidence, and no strong 
reflection appears at 8.5 GHz under the oblique incidence. Fig. 
6(b) shows the impedance of the absorptive FSS. At 3 - 9.9 
GHz, both Re(ZA) and Im(ZA) limit to the range of the basic 
requirement of ZA, just as we discussed in Subsection B of 
Section II. Fig. 6(c) illustrates the |S11| obtained from HFSS 
and ECM, which agree very well with each other. The lumped 
elements shown in Fig. 2(b) are obtained using the method 
presented in [36] as CU1 = 0.109 pF, CA1 = 0.024 pF, CA2 = 
0.081 pF, CA3 = 0.035 pF, LA1 = 2.215 nH, LA2 = 5.115 nH, 
LA3 = 4.147 nH, RA1 = 30 Ω, RA2 =180 Ω, respectively. Three 
parallel circuits in ZA have different resonant frequencies of 
fA1, fA2 and fA3, respectively, and the relation among them is 
fA2 ( ≈ 7.8 GHz) < fA1 ( ≈ 13.2 GHz) < fA3  ( ≈ 21.8 GHz). And 
four capacitances satisfy: CA1 < CA3 < CA2 < CU1. Therefore, 
CA1 and CA3 can be ignored at the low frequency, but they 
must be taken into account at the high frequency.  
We now summarize the steps of designing an absorber 
using characteristic modes:  
(1) Calculate the modal significances of all modes of a 
unit cell in the desire band. 
(2) Plot the modal radiation fields of the characteristic 
modes and find out the lowest and effective mode. For 
an effective mode, the radiation field along the 
direction perpendicular to the unit cell should be strong. 
The most effective mode is that the main lobe of the 
mode perpendicular to the unit cell. 
(3) Analyze the characteristic currents of the effective 
mode to locate the position of peak currents. Adding 
resistors into the position of peak currents, and change 
the resistance to expand the bandwidth of modal 
significances and ensure that the bandwidth of MS > 
0.707 covers the desired band. 
(4) Some modes whose main lobe of the radiation field not 
normal to the unit cell might significantly affect the 
absorber’s performance under the oblique incidence. If 
necessary, investigate their characteristic currents and 
load the unit cell at the position with high currents. 
IV.  DESIGN OF THE FSR 
A. Characteristic mode analysis 
The circuit shown in Fig. 1(a) can be achieved with a 
conventional equivalent circuit model shown in the center of 
Fig. 7, which includes one layer of lossy FSS (ZA) and another 
layer of lossless FSS (ZF) [3]-[11]. The ZA includes a series-
parallel resonance circuit consisting of a series circuit (CU1, 
LA1 and RA1) and a parallel circuit (LA2 and CA2), and ZF is a 
parallel resonance circuit consisting of LF1 and CF1. The 
lossless ZF can be realized with different slot elements such as 
the structure shown on the right of Fig. 7 and the lossy ZA can 
be designed using the aforementioned meander line. However, 
the configuration shown in Fig. 2(a) cannot be used directly. 
For designing an absorber, the absorptive FSS only provides 
an absorptive band and does not offer a passband, but the 
absorptive FSS for a rasorber has not only absorptive bands 
but also a passband. 
Comparing the circuits shown in Fig. 7 and Fig. 2(b), if RA2 
in Fig. 2 is removed and CA1 and CA3 are ignored, the circuit 
topology of ZA in Fig. 7 is the same as Fig. 2. Accordingly, ZA 
in the center of Fig. 7 can be realized using the configuration 
shown on the left of Fig. 7, which is a modified structure of 
the absorptive FSS shown in Fig. 2. The capacitor CU1 in Fig. 
7 represents the coupling capacitance between two adjacent 
unit cells, and LA1 is the equivalent inductance of the arm that 
 
(a) 
 
(b) 
 
(c) 
Fig. 6. Simulation results of the circuit analog absorber. (a) |S11| of R2 = 180 Ω 
and R1 = 30 Ω. (b) Impedance. (c) |S11| from HFSS and ECM. 
 
 
Fig. 7. Initial equivalent circuit and structure of the presented FSR. 
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is parallel to the electric field of the incident wave, while LA2 
and CA2 are the equivalent inductance and capacitance of the 
arm that is perpendicular to the electric field. 
According to equivalent circuit analysis, we know that R2 
in the lossy FSS needs to be removed to obtain a passband. 
But the absorptive band will be significantly affected by the 
removing of R2. The characteristic currents shown in Fig. 5(b) 
illustrate that the effective modes M1 and M4 are affected by 
both R1 and R2, which means that the bandwidth of modes M1 
and M4 can be expanded by increasing R1. The modal 
significances of the meander line with R1 = 150 and 220 Ω are 
shown in Fig. 8(a). Three modes (M1, M3 and M4) of MS = 1 
are excited at 4.465, 7.565 and 8.965 GHz. After R2 is 
removed, we do not need to consider mode M2 shown in Fig. 
8(a) because its modal significance is very small. The modal 
fields shown in Fig. 8(b) imply that mode M3 should be 
excluded because it is difficult to be excited under the normal 
incidence. As a result, two absorptive bands are obtained at 
modes M1 and M4, and a passband can be obtained between 
M1 and M4, as MS of both modes is small. Fig. 8(c) shows the 
characteristic current distributions of modes M1 and M4. The 
power of modes M1, M4-1 and M4-3 will be absorbed by R1, 
since the currents flow past the resistors. No resistor exists in 
mode M4-2 does not greatly affect the absorption performance 
because M4-2 has a close, parallel, and opposite current path 
which is not easy to be excited by the incident field E, as 
shown on the right of Fig.8(c). 
Altering the total length of the meander line by changing l3, 
the bands of M1 and M4 are tuned, as shown in Fig. 9(a). The 
frequency of passband is found out using modal fields. The 
maximum directivity (Dmax) of M1 is shown in Fig. 9(b), 
in which two different passbands at 6.1 and 6.5 GHz are 
obtained if l3 = 3.5 and 3 mm, respectively. Only the radiation 
pattern of mode M1 is plotted, because the directivity of M1 
around 6 GHz is much higher than that of M4.  
Fig. 10(a) shows the S parameters of l3 = 3.5 mm. A 
passband between two lossy bands has been achieved. The 
impedance of the lossy FSS with a passband and two 
absorptive bands is shown in Fig. 10(b). At the band around 6 
GHz, both Re(ZA) and Im(ZA) become infinite, which means 
that the incoming wave from P1 is not shunted by ZA but 
transmits directly to ZF. One lower absorption band and one 
higher absorption band are obtained at the bands of Re(ZA) 
and Im(ZA) within the range of AF > 80%. 
B. Final structure and equivalent circuit of the FSR 
The final structure of the proposed FSR is shown in Fig. 11. 
It is realized by cascading the above mentioned absorptive 
FSS and a layer of lossless FSS with a spacer. The lossless 
FSS functions as a bandpass filter which is realized with 
 
(a) 
 
(b) 
 
(c) 
Fig. 8. Characteristic mode analysis for the lossy FSS of the proposed FSR. 
(a) Modal significances of different R1. (b) Modal fields. (c) Characteristic 
currents. 
 
 
(a) 
 
(b) 
Fig. 9. Characteristic mode analysis for the passband of the lossless FSS. 
(a) Modal significances of different l3. (b) Modal fields of different l3. 
 
 
(a) 
 
(b) 
Fig. 10. Simulation results of the lossy FSS. (a) S parameters. (b) Impedance. 
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cross loop slots. The total length of the slot is initially set as a 
wavelength at the center of passband, but it is necessary to 
further optimize its length and width in consideration of the 
passband and stopband. The dimensions for Fig. 11 are l1 = 
12.5 mm, l2 = 3.8 mm, l3 = 3 mm, l4 = 4.5 mm, l5 = 0.6 mm, l6 
= 0.2 mm, l7 = 6 mm, w1 = 0.3 mm, w2 = 0.4 mm, w3 = 0.9 
mm, s1 = 1 mm, s2 = 0.3 mm, s3 = 0.2 mm, s4 = 0.3 mm, h1 = 
0.5 mm, h2 =8 mm, respectively. The resistance of R1 is 220 
Ω after considering the bandwidths of the absorptive bands. 
The results in Fig. 9 illustrate that lengthening or 
shortening the length of the meander lines will decrease or 
increase not only the passband but also the absorptive bands. 
For the convenience of tuning the passband only, some bend 
stubs are added at the position close to the lumped resistors, 
as shown in Fig. 11. Fig. 12 shows the effect of different 
length of bend stubs (l5) at the center frequency of the 
passband, which decreases from 6.2 to 5.8 GHz with l5 
increases from 0.2 to 0.8 mm. 
The equivalent circuit model of the FSR is shown in Fig. 13. 
ZA is similar to that shown in Fig. 2(b), except RA2 has been 
removed. The cross-loop slot FSS can be modelled by a 
parallel circuit consisting of LF1, CF1 and series of LF2 and CF2, 
which has been discussed in detail in [35]. 
Supposed that the resonance frequencies, ωA1, ωA2, ωA3, 
ωF1 and ωF2 are expressed as, 
{ }ii ii ii1      ii A1  A2  A3  F1  F2L Cω = = , , , ,                  (6)  
The ABCD matrix of the equivalent circuit model is 
obtained with continual matrix multiplication as follows, 
H H H
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According to the transformation between the S parameter 
matrix and ABCD matrix, the reflection and transmission 
coefficients can be obtained. Fig. 14 compares the simulated 
S parameters by using HFSS and ECM. Fig. 14 (a) and (b) 
show the results of the absorptive FSS and bandpass filter, 
respectively. Both subfigures exhibit that a passband with a 
low insertion loss is obtained around 6 GHz. The simulated S 
parameters of the FSR are shown in Fig. 14(c). A 
transmission band around 6 GHz with a minimum insertion 
loss of 0.22 dB is obtained. The band of |S11| < −10 dB covers 
from 3 to 11.2 GHz which is much wider than the passband. 
 
 
Fig. 13. Improved equivalent circuit model of the proposed FSR.  
  
 
Fig. 13. Improved equivalent circuit model of the proposed FSR.  
 
 
Fig. 11.  Configuration of the presented FSR. 
 
 
Fig. 12. The effect of the bend stubs (l5). 
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In the out-of-band, the incoming electromagnetic wave is 
absorbed because both the reflection and transmission 
coefficients are small. A good agreement between the results 
from HFSS and ECM implies that the equivalent circuit is a 
valid model for the structure. 
The lumped elements of the ECM are obtained using the 
method presented in [36]. The values are: CU1 = 0.123 pF, CA1 
= 0.042 pF, CA2 = 0.178 pF, CA3 = 0.036 pF, CF1 = 0.203 pF, 
CF2 = 0.111 pF, LA1 = 3.073 nH, LA2 = 3.922 nH, LA3 = 2.214 
nH, LF1 = 2.365 nH, LF2 = 0.412 nH, RA1 = 220 Ω, 
respectively. The capacitances satisfy CA1 < CA3 < CU1 < CA2 
and the resonant frequencies of the parallel circuits in Fig. 13 
are fA2 ( ≈ 6 GHz) < fA1 ( ≈ 14 GHz) < fA3 ( ≈ 17.8 GHz). If 
CA1 and CA3 are ignored at the low frequency due to small 
values, the ECM shown in Fig. 13 is similar to the simple 
equivalent circuit shown in the center of Fig. 7. 
C. Performance of the FSR 
The passband width of the FSR is tuned by the bandwidth 
of the lossless FSS, which is mainly determined by the 
dimensions of the slot, such as w3 and s4. As shown in Fig. 15, 
with the increasing of w3 and s4, the bandwidths of both filter 
and FSR are expanded.  
The S parameters and absorptivity under the oblique 
incidence are further studied. The oblique incidence angle (θin) 
scans from 15° to 45° with a step of 15° for both TE and TM 
polarizations. As shown in Fig. 16(a) and (b), with the 
increasing of θin, the passband is stable and the reflection 
coefficient arises for both polarizations. It is worth to mention 
that no grating lobe or singular resonance appears within the 
bands from 2 to 12 GHz, if θin is less than 45°. It is evident 
that the passband bandwidth decreases for TE polarization but 
it widens for TM mode with the incidence angle increasing. 
All those phenomena can be explained as following. 
Under the oblique incidence, the port impedance of TE and 
TM modes are given as [37] 
TE 0
Port
incos
Z
η
θ
=                                                              (12) 
TM
Port 0 incosZ η θ=                                                          (13) 
where η0 is the free space impedance. 
And the equivalent impedance of FSS for TE and TM 
modes are
 TE FSS
FSS 2
in1 sin 2
Z
Z j
θ
= −
−
                                                (14) 
TM
FSS FSSZ jZ= −                                                                (15) 
where ZFSS is the equivalent impedance of an FSS under the 
normal incidence. The external Qex factors for TE and TM 
modes are 
2
TE N0 0in
ex ex
FSS in FSS
1 sin 2
cos
Q Q
Z Z
η ηθ
θ
−
= > =                             (16) 
TM N0 in 0
ex ex
FSS FSS
cos
Q Q
Z Z
η θ η
= < =                                        (17) 
 
 
(a) 
 
(b) 
Fig. 15. Simulated bandwidths of different w3 and s4. (a) Lossless FSS.  
(b) Rasorber.  
 
 
(a) 
 
(b) 
 
(c) 
Fig. 14. Simulated S parameters by using HFSS and ECM. (a) Absorptive 
FSS. (b) Bandpass FSS. (c) Rasorber.  
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where N
exQ  is the external Q factor of FSS under the normal 
incidence. With increasing of θin from 0 to 90°, the value of 
(1−sin2θin/2)/cosθin ≥ 1 and always increases, while cosθin 
always decreases. As we know, the higher Q, the narrower 
bandwidth. So, the bandwidth of the passband decreases for 
TE polarization but widens for TM mode with increasing of 
the incidence angle. 
D. Current distribution of the FSSs 
The surface current distributions of both FSSs are also 
investigated to demonstrate the lossy and lossless 
characteristics at different frequencies. The surface currents 
on the meander line excited by the incident field at 3.5, 6 and 
10 GHz are shown in Fig. 17(a), (c) and (e), respectively. On 
the right half part of the element, only one current path (M1) 
from top to bottom is induced by the polarization shown in 
the center of the figure at 3.5 GHz. The current inescapably 
flows through the lumped resistors and the incident power is 
absorbed. Only one current path is emerged at 6 GHz, too. 
However, the path merely exists within the parallel arm, and a 
very low current passes through the resistors, which means 
that the element is low-loss at 6 GHz. At 10 GHz, three 
different paths that are similar to the characteristic currents 
shown in Fig. 8(c) are excited, and modes M4-1 and M4-3 are 
higher than M4-2 and traverse the resistors. Hence, the unit cell 
is lossy around 10 GHz. Fig. 17(b), (d) and (f) show the 
surface current distribution of the cross-loop slot at 3.5, 6 and 
10 GHz, respectively. At the resonance frequency of 6 GHz, 
the strong current is excited along the edge of the slot, so the 
incident wave can pass through the slot with low insertion 
loss. However, at the other two frequencies, a low surface 
current is induced, which means that the tangential electric 
field on the surface of the bandpass FSS is very weak. The 
filtering FSS becomes a ground plane and reflects most of the 
incident power backward to the absorptive FSS. 
V. EXPERIMENT RESULTS 
A prototype of the proposed FSR was fabricated and 
measured to verify the designs and simulation results. Each 
FSS was etched on the F4B substrate whose thickness and 
relative permittivity are 0.5 mm and 2.2, respectively. The 
prototype consists of 16 × 16 cells, and its total size is 200 
mm × 200 mm × 9 mm. Plastic pillars and screws were used 
to fix the air gap of 8 mm between two layers, as shown in 
Fig. 18(a). 
The FSR was measured in an anechoic chamber by using 
Keysight N5234A with the time-domain gating. The 
measurement system is shown in Fig. 18(b). The space 
between the transmitting antenna (TX) or receiving antenna 
(RX) and the FSR was 1 m. The RX is placed behind the 
absorbent foam and is not showed in the figure. The aperture 
of the TX and RX horn antennas is 75 mm × 75 mm. The 
prototype was positioned on the far field of the TX antennas 
so that the transmission can be considered similar to the 
simulation. The far-field condition of the FSR was hard to 
meet in the entire frequency range due to the measurement 
set-up limitation. As a result, some discrepancy might arise 
 
 
Fig. 17. Surface current distribution at 3.5, 6 and 10 GHz. (a), (c), and (e) 
Absorptive FSS. (b), (d), and (f) Bandpass FSS. 
 
 
(a) 
 
(b) 
Fig. 16. Simulated performance of the FSR. (a) S parameters of TE 
polarization. (b) S parameters of TM polarization. 
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concerning the reflection effects at the higher frequencies. 
The FSR was surrounded with absorbent foam to reduce the 
effect of the edge diffraction.  
Fig. 19(a) shows the simulated and measured S parameters 
under the normal incidence. The |S11| is below −10 dB in the 
range of 2.9 to 11.7 GHz. A passband at 6 GHz with a 
minimum insertion loss of 0.27 dB, which was a little higher 
than that of the simulation, was obtained. The measured 
bandwidth of the passband with |S21| ≥ −3 dB covers from 
5.15 to 7 GHz. It is seen that not only the measured band of 
|S11| < −10 dB was wider than but also the measured insertion 
loss was higher than the simulated one. The first main reason 
for these differences is that the infinite periodic structure was 
simulated but only finite unit cells were measured. The 
second reason is the parasitic effect of lumped resistors was 
not taken into consideration in the full-wave simulations, for 
the sake of a simplified model. 
A comparison of the absorptivity under the normal 
incidence is shown in Fig. 19(b). It is noted that two 
absorption bands located at two sides of the passband are seen. 
The measured absorption bandwidth with an absorption rate 
higher than 80% were 67.6% (2.5–4.6 GHz) and 43.7% (7.7–
12 GHz) in lower and higher bands, respectively. Fig. 19(c) 
shows the measured and simulated S21 under the oblique 
incidence of 30°. Although there are differences between two 
results at the lower and higher stop bands, the measured 
results, for both TM and TE polarizations, agree well with the 
simulated results around the passband. 
Table I lists the performance comparisons between the 
proposed FSR and others in literatures. The cell sizes of most 
designs are larger than 0.4λc, and some of designs have to
encounter the onset of grating lobe too early. The size of our 
unit cell is only 0.25λc after the meander lines were used and 
proper designed. As a result, no grating lobe or singular 
resonance appears within both the passband and absorptive 
bands at the angle of incidence less than 45°. 
 
(a) 
 
(b) 
Fig. 18. Experimental system. (a) Photo of ATFSS. (b) Photo of measurement 
system.  
 
 
(a) 
 
(b) 
 
(c) 
Fig. 19. Experimental results. (a) S parameters under the normal incidence.  
(b) Absorptivity. (c) |S21| under the oblique incidence. 
 
TABLE I 
PERFORMANCE COMPARISON OF THE STATE-OF-THE-ART 
Ref. BWa
1(GHz) 
Lower         Higher 
fc2 
(GHz) 
IL3 
(dB) 
Cell 
size4 
fSR5 
(GHz) 
[3] 3.76-8.7 12-16.08 10.2 0.2 0.5λc 12.6@30° 
[5] 2.76-4.44 5.46-8.42 5 0.35 0.4λc No. @<30° 
[7] 1.9-5.1 7.1-9.8 6.3 0.6 0.5λc 10.4@20° 
[9] 2.7-3.8 6.2-11.7 5 0.9 0.42λc No result 
[11] 2.75-5.1 5.95-8.5 5.745 0.63 0.49λc 7.5@30° 
This 
work 
2.5-4.6 7.7-12 6 0.27 0.25λc No @<45° 
1 BWa, the band of absorptivity AF > 80%. 
2 fc: Center frequency of the passband. 
3 IL: The minimum insertion loss of the passband. 
4 λc: Wavelength of the passband. 
5 fSR: the frequency of singular resonance or grating lobe under the oblique 
incidence. 
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  VI. CONCLUSION 
The characteristic mode analysis was used to design an 
absorber with miniaturized structure of meander lines. The 
positions of lossy resistors were found out by investigating the 
modal currents. The bandwidth of the circuit analog absorber is 
evaluated with the band of modal significance > 0.707. The 
modal radiation fields were used to decide which modes are 
effective modes. Between two effective modes, the passband 
can be achieved at the frequency which has low modal 
significance and high directivity. According to these results, we 
designed a frequency-selective rasorber with a transparent band 
between two absorption bands. Because the cell sizes of the 
FSSs were limited to λ/4 corresponding to the passband, no 
grating lobe or singular resonance emerges when the incident 
angle is less than 45°. The measured results showed that a 
passband of 3 dB bandwidth covered from 5.15 to 7 GHz, in 
which the minimum insertion loss was 0.27 dB. Two wide 
absorptive bands were achieved below and above the passband. 
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